Abstract: Vegetation plays an irreplaceable role for urban ecosystem services. Urban greenness represents all vegetation cover in and around cities. Understanding spatiotemporal patterns of the changes in urban greenness (CUG) provides fundamental clues for urban planning. The impact on CUG can be roughly categorized as being climate-induced and human-induced. Methods for mapping human-induced CUG (H-CUG) are rare. In this paper, a new framework, known as Localized Spatial Association Analysis under Temporal Context (LSAA-TC), was proposed to explore H-CUG. Localized spatial association analysis (LSAA) was performed first to extract local spatial outliers (LSOs), or locations that differ significantly in urban greenness from those located in the neighborhood. LSOs were then analyzed under the temporal context to map their intertemporal variations known as spatiotemporal outliers. We applied LSAA-TC to mapping H-CUG in the Wuhan Metropolitan Area, China during 2000-2015 using the vegetation index from Moderate-resolution Imaging Spectroradiometer (MODIS) 13Q1 as the proxy for urban greenness. The computed H-CUG demonstrated apparent spatiotemporal patterns. The result is consistent with the fact that the traditional downtown area presents the lowest H-CUG, while it is found that the peripheral area in the circular belt within 14-20 km from the urban center demonstrates the most significant H-CUG. We conclude that LSAA-TC can be a widely applicable framework to understand H-CUG patterns and is a promising tool for informative urban planning.
Introduction
Urbanization is undergoing rapid increases across the world, especially in some developing countries like China [1, 2] . Although urbanized areas cover only a small portion of the earth's surface, they provide more advantageous conditions through better education, convenient healthcare, more job opportunities, and improved urban infrastructure than rural areas [3, 4] . Urbanization is typically associated with an improved living infrastructure, such as convenient transportation networks and more commercial centers, as well as a synchronized process of spatial growth and scattering of built-up areas that used to be for agricultural purposes [5, 6] . As a result, the positive result from urbanization enables more inhabitants to enjoy the convenient life through living in cities. At the same time, urbanization has also incurred many significant negative changes, resulting in degraded urban ecosystem services in some aspects, such as loss of vegetated land, and has created heat islands, traffic
The changes in urban greenness can generally be driven by climate fluctuations and human activities [33] . Climate changes (e.g., in precipitation or temperature) usually incur variations of vegetation cover over a vast area, known as large-scale impact. Compared to the impact from climatic factors, intensive human activities in urban areas were found to trigger landscape fragmentation [34, 35] . Therefore, the impact on vegetation cover from human activities is likely to impose itself over a small extent if examined within a short period of time, which easily results in fragmented urban landscapes, and is referred to as local-scale impact. While the impact on vegetation cover from abnormal climatic factors (e.g., shortage of precipitation) is hard to account for, it is realistic to count on active human interference to alleviate possible negative impact on vegetation from human activities through urban planning. Thus, it is practically more meaningful to understand the human-induced changes in urban greenness. To the best of our knowledge, methods for mapping the changes in urban greenness while considering the local-scale impact are rare. To discriminate the roles on vegetation degradation from climatic and human-induced factors, Evans and Geerken [36] proposed a statistical method called residual trend analysis (RESTREND), which was based on the residuals of regression between NDVI and annual precipitation. However, RESTREND is only applicable to arid or semi-arid regions with very limited precipitation, making it unsuitable for many urbanized areas [37] . Subtraction analysis in vegetation index (SAVI), which directly compares the difference in the vegetation index at two times, can evaluate the fluctuations of vegetation abundance (density) over time on a pixel-by-pixel basis; however, SAVI does not differentiate the roles played from human activities and climate changes. Thus, it is necessary to find new approaches to determine the temporal changes in urban greenness and understand such changes from either climate-induced or human-induced impact.
Vegetation can reduce net greenhouse gas emission, soil erosion, filter particulate matters, and improve health and life quality [21] . Vegetation abundance and distribution are primary determinants of urban environmental conditions [38] . The changes in urban greenness (CUG) has been used as a proxy of the success of urban planning in the creation or conservation of elements that can provide ecosystem services to citizens [39] . Local-scale impact on CUG, or alternatively human-induced CUG (H-CUG), is especially important and practically meaningful to be understood for urban planning. This study aims to propose a new analysis framework known as Localized Spatial Association Analysis under Temporal Context (LSAA-TC), detail the modeling process, and outline the computing implementation. As a case study, LSAA-TC was applied to explore the spatiotemporal patterns of H-CUG in Wuhan Metropolitan Area, China and reported our findings. As Wuhan is a megacity that has experienced a significant population increase, urban expansion, and rapid infrastructure development in recent years, investigating its H-CUG would be valuable to understand the interactions of different components in the urban ecosystem.
Study Area, Data Sources, and Methodology

Study Area
Wuhan is the provincial capital city located in the east of Hubei province ( Figure 1 ). It is the only megacity in central China and one of the 17 cities included in the global sustainable development plan issued by the United Nations Development Program and the United Nations Environment Program [40] . Geographically, Wuhan metropolitan area comprises a downtown and six suburbs covering a total area of 8495 km 2 . There are a few satellite cities, such as Ezhou and Hanchuan, which are economically linked with Wuhan. Two main rivers, Yangtze River and Han River, flow through the city and intersect each other in the downtown area whose geometric center is defined as the urban center ( Figure 1c) . In recent years, the local transportation system has developed rapidly. Besides the well-developed ground transportation system, several subways have been constructed and are operational. Surrounded by many seaways, expressways, and railways, the city is practically one of the transportation hubs of China [41, 42] . The well-developed urban infrastructure of the city has attracted a significant number of residents, including many students that graduated from universities, to settle down here after migrating from the nearby satellite cities as well as other cities across the country. As a result, it has become one of the most densely populated (more than 10 million residents in 2015) and fastest growing areas in the Yangtze Economic Zone and central China.
Wuhan is characterized by its four typical seasons, with summer (including July, August, and September) being the most humid and hot season where vegetation reaches the peak growing status. The landscape is primarily composed of plains (39.3%), water (26.1%), and mountains (18.2%), and the majority of plains except for the urbanized areas are used for agriculture [43] . Land cover types consist of urban land, farmland, water, forest, and bare land [40] . Although vegetation cover takes the form of farmland and forest, street plantation, lawns, parks, gardens, wetlands, and plants around the water bodies in cities make a significant contribution to the overall urban greenness. Nonetheless, those forms of the vegetation cover may scatter over different space and thus mapping vegetation cover using coarse resolution of remote sensing imagery represents only the overall greenness that is the result from the heterogeneity characteristic of urban landscapes in the study region [43] . Wuhan is characterized by its four typical seasons, with summer (including July, August, and September) being the most humid and hot season where vegetation reaches the peak growing status. The landscape is primarily composed of plains (39.3%), water (26.1%), and mountains (18.2%), and the majority of plains except for the urbanized areas are used for agriculture [43] . Land cover types consist of urban land, farmland, water, forest, and bare land [40] . Although vegetation cover takes the form of farmland and forest, street plantation, lawns, parks, gardens, wetlands, and plants around the water bodies in cities make a significant contribution to the overall urban greenness. Nonetheless, those forms of the vegetation cover may scatter over different space and thus mapping vegetation cover using coarse resolution of remote sensing imagery represents only the overall greenness that is the result from the heterogeneity characteristic of urban landscapes in the study region [43] . Our interest was to explore the changes in urban greenness associated with the urbanization process, therefore a radius of 50 km centered at the urban center, referred to as the region of interest (ROI), including the downtown area, part of the suburban districts, and part of a few satellite cities around the megacity, was selected as the study region (Figure 1c) . The city has witnessed a significant urban land expansion [44] . The vegetative areas are the most direct frontier that interacts with land exploitation. Therefore, the changes of vegetation space in the city has gained more consideration from the local government and urban planners than ever before [42] . Figure 1d Our interest was to explore the changes in urban greenness associated with the urbanization process, therefore a radius of 50 km centered at the urban center, referred to as the region of interest (ROI), including the downtown area, part of the suburban districts, and part of a few satellite cities around the megacity, was selected as the study region (Figure 1c) . The city has witnessed a significant urban land expansion [44] . The vegetative areas are the most direct frontier that interacts with land exploitation. Therefore, the changes of vegetation space in the city has gained more consideration from the local government and urban planners than ever before [42] . Figure 1d illustrates the comparison of the annual maximum normalized difference vegetation index (NDVI) between the years 2005 and 2015, revealing significant changes in the urban greenness during the period.
Data Sources
The MODIS NDVI product (MOD13Q1, ver. 6), with 16-day maximum value composites (MVC) with a 250 m resolution, were used as the primary dataset. In total, 32 tiles (MODIS Grid #h27v05) covering the study area and two temporal periods DOY 209 and DOY 225 in each year (peak vegetation growing status) during the years 2000-2015 were downloaded from NASA's Land Processes Distributed Active Archive located at the United States Geological Survey (USGS) Earth Resources Observation and Science (EROS) Center. All the tiles were re-projected by the MODIS Reprojection Tools (MRT) to Lambert Conformal Conic and World Geodetic Survey 1984 data. The pixel quality and reliability layers were used to exclude the poor-quality pixels for all the tiles [31, 45] . The image tiles with the two periods in each year were further combined to produce a 32-day MVC layer that represented maximum annual NDVI values. The MVC layers, recording the spatiotemporal data of the urban greenness, were clipped by the ROI (Figure 1c) .
The MODIS v5.1 Land Cover Type (LCT) product is one of the most recently available global land cover products [31] . The MODIS v5.1 LCT (MCD12Q1 v5.1) provides global land cover maps with a spatial resolution at 500 m using five types of classification systems and Land Cover Type 1 (from International Geosphere-Biosphere Program), which contains 17 land cover classes [46] , was used to evaluate the relationship between the land cover changes and the urban greenness changes. The MCD12Q1 LCT product, downloaded from the EROS center, represents the distribution of land cover types in an annual step during the years 2001-2013 (only data for those years are available). The 13 MCD12Q1 tiles (#h27v05) were re-projected by the MRT to the same projection system as that of the MVC layers and clipped by the ROI. Because the area primarily consisted of urban land, farmland, water, forest, and bare land [40] , the 17 land cover types in the clipped tiles were reclassified into three types, namely water (W, class #0 in MODIS LCT), urban and built-up (U, class #13 in MODIS LCT), and others (O, all others except class #0 and #13 in MODIS LCT) to create new LCT layers (for each year in 2001-2013, Figure 1e ). Of the 15 LCT classes that are reclassified as O, two of them, snow and ice (#15) and savannas (#9), are practically not present in the study region and the rest are all vegetation related.
Methodology
Modeling Framework
We propose a framework of Localized Spatial Association Analysis under Temporal Context, or LSAA-TC, to model the human-induced CUG (H-CUG). Though its application was demonstrated for the Wuhan metropolitan area, LSAA-TC can be similarly applied to any region. Without loss of generality, let A be an attribute domain and A i,j,k a numerical value of an object O i,j,k , or referred to as a spatiotemporal space unit, in a 3-D space with dimension size of n × p × q, which is divided into a temporal dimension T(n) and a spatial dimension S(p, q), where T can be broken down into n consecutive but non-overlapping time spans T i , namely T = {T i , i = 1, 2, . . . , n, n ≥ 2}, and S represents a set of locational elements s j,k (1 ≤ j ≤ p, 1 ≤ k ≤ q) indicating the locations of the n × p × q O i,j,k elements in a two-dimensional space. Given a specific temporal point t i in T i , namely t i ∈ T i and t 1 < t 2 < . . . < t n (i = 1, 2, . . . , n), O i,j,k is labeled as a local spatial outlier (LSO) at time t i , if A i,j,k is significantly different (higher or lower) from the values of its neighboring elements defined by a spatial neighborhood size d in S, where H-L will be assigned to O i,j,k if A i,j,k is significantly higher than the values of its neighboring elements or L-H assigned to O i,j,k if A i,j,k is significantly lower than its neighbors; otherwise, O i,j,k is labeled as non-outlier. LSOs can be conveniently computed by localized spatial association analysis (LSAA) such as Anselin's Moran I. A typical method for labeling O i,j,k using Moran's scatterplot is outlined by Anselin [47, 48] . An LSO layer records all the locations that are labeled as LSO at a temporal point t i in the 3-D space.
For a given location s j,k (1 ≤ j ≤ p, 1 ≤ k ≤ q), there are n O i,j,k objects, each corresponding to time t i , labeled as either outlier (H-L or L-H) or non-outlier. A spatiotemporal outlier (STO) is defined for location s j,k if the n O i,j,k objects (i = 1, 2, . . . , n, n ≥ 2) located at s j,k show different LSO patterns (outlier or non-outlier). An STO denotes a point feature in the spatial dimension S(p, q) where significant change in terms of the value of the target variable is observed at least once for the n consecutive periods. The 3-D space filled with a total number of n × p × q (O i,j,k ) objects is input into a process for outlier difference analysis which outputs a point feature layer representing the s j,k (1 ≤ j ≤ p, 1 ≤ k ≤ q) that are labeled as STO, depending on the LSO patterns of the n O i,j,k located at s j,k . When vegetation greenness (e.g., vegetation index derived from remote sensing images) is set as the target variable of interest, the output STOs will indicate the location with an occurrence of significant change in urban greenness. In addition, since LSAA is performed at a local scale, the result indicates the impact on the vegetation abundance from local-scale factors (typically from human activities).
LSAA-TC is a common framework that can be used to map H-CUG. For the particular case studied, the 16 stacked MVC layers defined the temporal dimension for the 3-D space. Two steps were involved in the STO computation from the MVC dataset. First, each of the 16 MVC layers was analyzed using LSAA (e.g., the local Moran's I, Figure 2a ) to extract an LSO layer. In this step, the neighborhood size must be decided [49] . As there is no rule of thumb to determine the optimal size for the neighborhood, queen or rook contiguity is often used in assessing urban ecological quality through a remote sensing dataset [50, 51] . Considering the scale of human activities in the city, the size was extended by one more pixel, namely neighborhood distance d = 2, which resulted in 25 elements (5 × 5 pixels) included in each neighborhood, with the distance matrix further row-standardized to give a computational advantage [48] . In the next step, the outliers located at the n periods from the previous one were processed by the outlier difference analysis to find the STO layers (Figure 2b ). Depending on the number of periods taken in the computation, both long-term and short-term STOs could be mapped. If all the LSO layers (n = 16 for the case study) from LSAA are analyzed for their outlier differences, a single STO layer, referred to as long-term STO layer, is produced; a long-term STO layer records the locations where significant change in the target variable value (namely, NDVI) is observed during the whole period. If only a subset of the LSO layers, e.g., layers corresponding to any two consecutive times, are analyzed for the outlier differences, then a short-term STO layer is computed for that temporal window (during the time span). Thus, multiple short-term STO layers can be produced depending on the division setting of the whole period. Multiple short-term STO layers, computed by comparing the patterns of the local spatial outlier between any consecutive periods, can provide information of the temporal variance of STOs over a long study period. In the case study, an annual step was decided for deriving the short-term STO layers to reveal the temporal (annual) variations in the H-CUG. change in terms of the value of the target variable is observed at least once for the n consecutive periods. The 3-D space filled with a total number of n × p × q (Oi,j,k) objects is input into a process for outlier difference analysis which outputs a point feature layer representing the sj,k
that are labeled as STO, depending on the LSO patterns of the n Oi,j,k located at sj,k. When vegetation greenness (e.g., vegetation index derived from remote sensing images) is set as the target variable of interest, the output STOs will indicate the location with an occurrence of significant change in urban greenness. In addition, since LSAA is performed at a local scale, the result indicates the impact on the vegetation abundance from local-scale factors (typically from human activities). LSAA-TC is a common framework that can be used to map H-CUG. For the particular case studied, the 16 stacked MVC layers defined the temporal dimension for the 3-D space. Two steps were involved in the STO computation from the MVC dataset. First, each of the 16 MVC layers was analyzed using LSAA (e.g., the local Moran's I, Figure 2a ) to extract an LSO layer. In this step, the neighborhood size must be decided [49] . As there is no rule of thumb to determine the optimal size for the neighborhood, queen or rook contiguity is often used in assessing urban ecological quality through a remote sensing dataset [50, 51] . Considering the scale of human activities in the city, the size was extended by one more pixel, namely neighborhood distance d = 2, which resulted in 25 elements (5 × 5 pixels) included in each neighborhood, with the distance matrix further rowstandardized to give a computational advantage [48] . In the next step, the outliers located at the n periods from the previous one were processed by the outlier difference analysis to find the STO layers ( Figure 2b ). Depending on the number of periods taken in the computation, both long-term and shortterm STOs could be mapped. If all the LSO layers (n = 16 for the case study) from LSAA are analyzed for their outlier differences, a single STO layer, referred to as long-term STO layer, is produced; a long-term STO layer records the locations where significant change in the target variable value (namely, NDVI) is observed during the whole period. If only a subset of the LSO layers, e.g., layers corresponding to any two consecutive times, are analyzed for the outlier differences, then a shortterm STO layer is computed for that temporal window (during the time span). Thus, multiple shortterm STO layers can be produced depending on the division setting of the whole period. Multiple short-term STO layers, computed by comparing the patterns of the local spatial outlier between any consecutive periods, can provide information of the temporal variance of STOs over a long study period. In the case study, an annual step was decided for deriving the short-term STO layers to reveal the temporal (annual) variations in the H-CUG. 
Mapping Spatiotemporal Variations of H-CUG
To map the spatiotemporal patterns of H-CUG, the STO layers (including long-term and short-term) were analyzed from two aspects, including anisotropic characteristics and distance from the urban center (Figure 2c) . First, to reveal the possible variations in the anisotropic characteristics, the study region was split into 36 bands and each band represented a 10 • cone-shaped sector (angle band hereafter), with the origin set at the urban center (see the right top figure in Figure 2 ). The first angle band (#0) faced exactly at north (0 • ) with a 5 • band width at each side. Similarly, the second angle band (#1) pointed at 10 • relative to the north direction (clockwise) with a 5 • band for both sides. Secondly, to reveal the variations related to the distance from the urban center, the ROI was divided into various radius belts with the urban center as the origin. Except the most inner one, which was 0-2 km in radius, all the other belts were equally divided with 1 km in distance to the next (see the right bottom figure in Figure 2 ; note that not all belts are shown). STO points for both long-term and short-term were analyzed for all the angle bands and the radius belts, respectively.
For each areal unit (i.e., the area given by any angle band or radius belt), the percentage of area that experiences significant urban greenness change (P-A-C), or the density of STO points, could be calculated. Given the spatial resolution (SR) of the multi-temporal imagery dataset from which the STO points are derived, P-A-C is defined,
where TA is the total area of a considered areal unit, n is the number of STO points within TA, SR is the spatial resolution of the imagery from which the STO points are computed, and SR 2 and TA have the same unit. Given a spatiotemporal space defined by an areal unit and a time span, P-A-C reflects the level of H-CUG within the space.
Analyzing the Relationship between H-CUG and Land Cover Changes
The short-term STO layers were compared to the land cover changes (LCCs) layers for an identical temporal period. In total, 12 LCC layers were computed through a pixel-by-pixel comparison between any two consecutive years during 2001-2013 from the 13 LCT layers. Considering that the target variable corresponds to the peak vegetation greenness in each year, we expected that LCCs and type conversion among the three LCTs, namely, urban (U), water (W), and others (O), should somehow correlate with the STO events. Direct pixel-by-pixel comparison of LCCs and STOs was not realistic because the spatial resolutions for the two datasets were mismatched (250 m for STO vs 500 m for LCC). Instead, a circle-based co-occurrence resampling method was designed to check the STO-LCC correlation. Specifically, 2500 (50 × 50) points were decided within the bounding envelope of the ROI, with equal distance (2 km) between each neighboring points. Then, the created points were buffered to make non-overlapped circles (radius = 1 km). The circles located within water areas in all the 13 LCT layers and outside ROI were excluded. In the end, 1859 circles were kept, which were used to define the co-occurrence of STO and LCC points if they were in the same circle. The confusion matrix summarizing the co-occurring events of STO and LCC events located within each circle, either true (T) or false (F), was reported.
Computing Implementation
The computing implementation of the proposed LSAA-TC framework was composed of two key modules, localized spatial association analysis (LSAA) to extract local spatial outliers (LSOs) for each period and computation of spatiotemporal outliers (STOs) from the LSO data under the temporal context. Automatic modeling and implementation with little human interference can greatly improve the adaptability of the proposed approach. In this case study, a yearly time division was decided as the temporal step. To begin the computation, the start year and the end year were specified. Depending on the input years (start year and end year), a long-term STO layer (2000-2015) and 15 short-term STO layers (annually, 2000-2001, 2001-2002, . . . , 2014-2015) were computed. ArcGIS model builder (https://www.esri.com) was used to present the tool (model) that automated the extraction of the LSO patterns (outliers or non-outliers).
To extract LSOs for a particular time, several processes were linked in the model (Figure 3 ). To start, the model loops through the years (or periods, with step set as 1; see the process A in Figure 3 ) and then the target MVC layer was decided automatically in an iterative manner. Two preconditions, one was the current selected year and the other was the MVC dataset, were affiliated with the MVC layer selection process (process B in Figure 3 ) which output the selected MVC raster layer for the selected time (year). In order to perform the analysis by taking advantage of Local Moran's I computation, the selected MVC layer was converted to a vector format (a point layer) through the process C. This point layer was fed into the LSAA (labeled with D, the cluster and outlier analysis) which, in addition to outputting the index value (local Moran's I) and the corresponding z-score and p-value (probability field), reported LSO patterns (through the field COType). In the end, the spatial outliers were kept, through the process E, to create an LSO layer recording all spatial outliers (H-L or L-H) for the selected year. The process was iterated until all LSO layers for all the years were made ready. ArcGIS model builder (https://www.esri.com) was used to present the tool (model) that automated the extraction of the LSO patterns (outliers or non-outliers).
To extract LSOs for a particular time, several processes were linked in the model (Figure 3 ). To start, the model loops through the years (or periods, with step set as 1; see the process A in Figure 3 ) and then the target MVC layer was decided automatically in an iterative manner. Two preconditions, one was the current selected year and the other was the MVC dataset, were affiliated with the MVC layer selection process (process B in Figure 3 ) which output the selected MVC raster layer for the selected time (year). In order to perform the analysis by taking advantage of Local Moran's I computation, the selected MVC layer was converted to a vector format (a point layer) through the process C. This point layer was fed into the LSAA (labeled with D, the cluster and outlier analysis) which, in addition to outputting the index value (local Moran's I) and the corresponding z-score and p-value (probability field), reported LSO patterns (through the field COType). In the end, the spatial outliers were kept, through the process E, to create an LSO layer recording all spatial outliers (H-L or L-H) for the selected year. The process was iterated until all LSO layers for all the years were made ready. Based on the LSO layers, computing the short-term and long-term STO layers starts with the selection of the input of start time and end time. The following code shows the computing algorithm for the short-term STO layer, with an annual (yearly) temporal step (Table 1 ). Based on the LSO layers, computing the short-term and long-term STO layers starts with the selection of the input of start time and end time. The following code shows the computing algorithm for the short-term STO layer, with an annual (yearly) temporal step ( Table 1) . The above procedures (p1 and p2) created STO points for each short-term STO layer (STO input_year ), representing locations where the LSO patterns (outlier or non-outlier) for the two consecutive years were different. Given that the current study have 16 LSO layers, 15 short-term STO layers were created. Following a similar principle, the long-term STO layer could be computed; alternatively, the long-term STO layer could be computed through a spatial union of all the short-term STO layers. The model and all the computing algorithms were implemented on the ArcGIS platform based on the model builder and Python scripts (https://www.esri.com).
Results
H-CUG Patterns with Respect to Distance from the Urban Center
The spatiotemporal patterns of P-A-C distribution examined from the perspective of the distance to the urban center at an annual step (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) are illustrated in Figure 4 , where the x-axis indicates the distance from the urban center (see Figure 1 ) and y-axis denotes the division of the temporal span. The result indicates that, for radius belts close to the urban center, very weak H-CUG was detected for most of the years. The result is understandable since a majority of the area in the central urbanized area (downtown area) was categorized as built-up, leaving a very limited space for vegetation cover to convert to or from regardless of possible high intensities of human activities. Conversely, high P-A-C was observed in the range around 5-25 km for most of the years, particularly in the suburban areas between 14 and 20 km, indicating significant changes in urban greenness induced from local-scale impact. It is known that the city experienced significant changes in land cover, particularly urbanization, in the joining part between the urbanized region and the rural areas [6] , which may explain why the dominant area showing H-CUG was observed in the suburban regions. When examined from the temporal perspective (y-axis), considerable spatiotemporal variation was observed in the P-A-C distributions. For example, H-CUG showed a highest value in belt 4 (the belt between 3 and 4 km to the urban center) during 2013-2015. Furthermore, the study found that the areas with relatively high P-A-C tended to expand outside from the urban center during the period, starting from the radius belts between 14 and 17 km at the early time to the belts between 17 and 20 km at the end (the red parallelogram in Figure 4) . The sensitive H-CUG belts concurred with the urbanization frontier, known as the urban sprawl boundary, which was reported by other studies [40, 43] . Remote areas with the radius distance after the urbanization frontier (mostly countryside) were mainly dominated by relatively lower P-A-C, caused by reduced impact on vegetation cover from human activities.
The overall or long-term (LT, during 2000-2015) impact on the urban greenness from human activities was reflected by the change in the P-A-C gradient along the x-axis or the distance from the urban center, as shown at the top bar in Figure 4 . The traditional downtown area (roughly 0-4 km from the urban center) generally presented the lowest P-A-C value, and the highest P-A-C values were observed in the radius belts located within 14-20 km (with high H-CUG), which was identical to the short-term P-A-C results.
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H-CUG Patterns with Respect to Orientation
The spatiotemporal P-A-C patterns with respect to the orientation (angle division) are presented in Figure 5 . Among the 36 orientation bands (band #0, #1, …, and #35), those centered at #4, #8, #13 and #20-22 exhibited the highest P-A-C values, indicating clearly the anisotropy of the H-CUG distribution. In addition, high P-A-C values showed the temporal variations. The results suggest heterogeneous patterns observed for the H-CUG in terms of the orientation, which might be related to possible constraints on land use exploitation that the urban infrastructure (and other factors) placed for some activities of human beings [44] . The long-term (LT) P-A-C distribution patterns confirmed the characteristics of the anisotropy in H-CUG, with the highest values located at bands #4, #8, and #22 (dark pink grid at the top side in Figure 5 ).
The temporal dynamics of H-CUG over the whole region was investigated. The result showed a significant variation in the H-CUG over the years (the green bar at the right side, Figure 5 
The spatiotemporal P-A-C patterns with respect to the orientation (angle division) are presented in Figure 5 . Among the 36 orientation bands (band #0, #1, . . . , and #35), those centered at #4, #8, #13 and #20-22 exhibited the highest P-A-C values, indicating clearly the anisotropy of the H-CUG distribution. In addition, high P-A-C values showed the temporal variations. For example, the majority of grids with the highest P-A-C values were present in the year of 2003-2004 and 2012-2015. The results suggest heterogeneous patterns observed for the H-CUG in terms of the orientation, which might be related to possible constraints on land use exploitation that the urban infrastructure (and other factors) placed for some activities of human beings [44] . The long-term (LT) P-A-C distribution patterns confirmed the characteristics of the anisotropy in H-CUG, with the highest values located at bands #4, #8, and #22 (dark pink grid at the top side in Figure 5 ).
Relationship between STO and Land Cover Changes
The relationship between STO points and the land cover changes (LCCs, based on the conversion matrix of land cover types between any two consecutive years through MODIS MCD 12Q1) during 2001-2013 is presented based on the circle-based co-occurrence resampling approach. Statistics of the co-occurrence between STO points and land cover changes is summarized in the confusion matrix table from which the kappa value was computed (with examples given for the periods 2002-2003 and 2008-2009, in Figure 6 ). The result indicates that the kappa value for most of the years was over 0.20, suggesting that STO points and the locations corresponding to land cover changes were fairly associated. Thus, the land cover changes and STO events may provide mutual explanation to some extent, but there are also some other factors not included. 
Discussions
Advantage and Rationality of LSAA-TC
The current study demonstrates the work of exploring the spatiotemporal patterns of H-CUG through a modeling framework named Localized Spatial Association Analysis under Temporal Context (LSAA-TC). With the outputs of STOs and P-A-C, LSAA-TC maps the distribution of the changes in urban greenness induced from local-scale impacts, primarily from human activities. Vegetation cover is important for improving climate conditions and building a comfortable habitat for human beings in urbanized areas [19, 52] . Rapid urbanization in many parts of the world during the last few decades has led to significant changes in vegetation space, due to the shrinkage of vegetation space as more vegetation cover converted into other land use types (e.g., built-up) [9] . Therefore, understanding the changes in vegetation distribution and abundance, particularly due to human activities, can help design sound land-use policies promoting harmonious human-natural environment relationship. A few approaches have been proposed to map vegetation cover changes. For example, through subtraction analysis in vegetation index (SAVI) over a certain period, the health of a vegetation cover can be reflected by the difference between the start and end of the period. However, SAVI is a pixel-based approach that is unable to separate the impact on vegetation cover from local-scale factors (mainly human activities) and from large scale factors (regional influences such as climatic changes) [53] . Moreover, the direct comparison of the pixel values (e.g., NDVI) between the periods through SAVI method may suffer critical uncertainty due to the inconsistency in the sensitivity of the sensor during image acquisition at different times. LSAA-TC applies localized spatial association analysis (LSAA) and the mapped H-CUG result is insensitive to possible inconsistency in the sensor sensitivity at different times.
The assumption underlying LSAA-TC is that the climatic factors (e.g., the fluctuations in rainfall and temperature) affect the vegetation cover over a large extent (large scale) while the impact on 
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Advantage and Rationality of LSAA-TC
The assumption underlying LSAA-TC is that the climatic factors (e.g., the fluctuations in rainfall and temperature) affect the vegetation cover over a large extent (large scale) while the impact on urban greenness from local-scale factors, typically human activities (e.g., land exploitation), tends to cause a fragmentation of vegetation cover (landscape heterogeneity) within a short period (e.g., a few months or within a year). The fragmentation of landscapes due to human activities has been long recognized [54] . Human activities can cause environmental changes and fragment habitats via the conversion of land use types [55] . Paul and Nagendra [56] found that a high proportion of vegetation fragmentation in the city core was triggered by human activities (e.g., infrastructural expansion). To characterize landscape fragmentation, Fan and Myint [57] state that the utility of local-scale association indices derived directly from satellite imagery is superior to generating and employing detailed land cover classification maps. Even though the local-scale spatial pattern analysis (e.g., LSAA) is essentially a static method that only captures LSO patterns (outlier or non-outlier) at a single temporal point, it carries no information for unveiling the changes in the variable of interest (e.g., urban greenness). To map H-CUG, the proposed LSAA-TC attempts to compare the changes of local-scale distribution patterns in urban greenness under the temporal context. The computed STO density, or P-A-C, reveals locations where H-CUG happened. Furthermore, the analytical processes could be automated so that mapping H-CUG is convenient to implement.
Though the assumption for LSAA-TC may hold for the majority of cases, it can still be challenged by the fact that vegetation could also be affected by microclimatic factors [58] , or conversely, large-scale restoration programs [59] . Nevertheless, as long as the microclimatic factors are stable over a period of years, their impact on vegetation will not be detected in the result of the H-CUG. Further, areas that experienced large-scale restoration can be easily located and dug out before the analysis. Thus, the results from the computed H-CUG could illustrate the changes in urban greenness due to local-scale impact, and may serve as an indicator of intensity level that human activities impose on vegetation cover.
Urban Greenness, Land Cover, and STO
Land cover changes and human activities are closely correlated in urban ecosystems [17] . Land cover is composed of vegetation and non-vegetated types. Building a land cover conversion matrix (LCCM) at the start and end of a time period is a useful way to quantify the changes in vegetation cover over the period, since vegetation cover could be transformed to or from non-vegetated cover types. However, numerous limitations of land cover classification indicate that the utilization of classified thematic maps in landscape pattern analysis is questionable and may even lead to large errors in subsequent analyses [57] . Moreover, the LCCM method alone is insufficient in quantifying urban greenness changes. For example, tree removal or transplantation might not update land cover types, but is likely to induce significant change in vegetation density (reflected by the vegetation index) [60] , leading to the detection of an STO event but not the conversion of land cover types. LSAA-TC extracts local spatial outliers and computes spatiotemporal outliers directly from satellite imagery. The spatiotemporal patterns of H-CUG are revealed by the STO layers.
The current study indicates that the relationship between the STO points and land cover changes (LCCs) was somehow correlated but not strong enough for their mutual explanation, namely, LCCs could only partially explain the STOs and vice versa (see Figure 6 ). The underlying reason may be manifold. Some factors could incur STO points but do not necessarily lead to the conversion of land cover types. Similarly, land cover type conversion (e.g., from grassland to farmland) may not necessarily mean significant changes in urban greenness and thus STO points cannot be inferred. Based on the relationship between LCCs and STOs, it is appropriate to conclude that LSAA-TC is useful for detecting changes in urban greenness at a local scale but not suitable for mapping the conversion in land cover types. Conversely, mapping the conversions of land cover types alone is insufficient to understand the changes in urban greenness.
Scale Consideration in LSAA-TC
The importance of scale in LSAA-TC can be examined from two aspects. First, the created STOs are the overall representation of the changes in urban greenness associated with the mixed effect from the fraction of vegetated land cover and other land cover types, known as endmembers [19] . Urban land cover is often highly fragmented as the result of the long-term interactions from natural and anthropogenic factors, which leads to a high within-class variance or mixed-pixel problem for many mapped land cover units [19, 61, 62] . Xian et al. [63] stated that a single pixel in remote sensing imagery in urban areas is often mixed and composed of several land-cover/land-use types. Such a mixing property in pixels is even more common for imagery with a coarse resolution. Thus, an STO point represents the location/pixel experiencing significant changes of the overall vegetation abundance contributed by various land cover types. Second, the resultant STOs can be affected by the spatial scale of the remote sensing data adopted in the analysis. Depending on the economic development of the study region, the term local scale, as opposed to large scale, may vary from a few meters to a few kilometers. One challenge facing the application of LSAA-TC is the decision for the resolution of the input image product. In general, the impact on land cover from human activities in small cities may be present at a smaller extent than that in large cities, because the urbanization progress, and thus the scale of the changes of urban greenness, varies among cities at the same temporal span (e.g., at an annual step). In a metropolitan city like Wuhan city, the MODIS 13Q1 data with spatial resolution at 250 m might be appropriate to map H-CUG, considering its development level of the city in the recent decade or two. The current study applied an annually temporal step/period to compute the STOs. This decision was based on the adopted spatial resolution (namely, 250 m of MODIS MCD12Q1 dataset) and consideration of the vegetation growing cycle (i.e., annual cycle). However, for small cities, the applied remotely-sensed dataset should be at a finer spatial scale and/or a shorter temporal scale for successful detection of the STO points. Additionally, the neighborhood size is also an important parameter to consider in the local spatial association analysis. The neighborhood size can be estimated based on the global spatial autocorrelation analysis of the vegetation index, which determines a distance range within which spatial correlation may exist. Depending on characteristics of the urban landscape fragmentation, such a range may vary over space and time [56, 57] . For the current study, a small local space equivalent to a 5 × 5 (1.25 km × 1.25 km) window proved to be the neighborhood that presented the strongest correlation in terms of urban vegetation for most of the years, thus it might be appropriate for the local spatial association analysis.
A single spatial scale may not be sufficient to detect H-CUG, typically in scenarios where there is a critical inconsistency between the actual scale of the urban greenness changes and the scale of the dataset (imagery resolution) adopted in the analysis. For example, large-scale changes in urban greenness might be missed out if LSAA-TC is performed at a spatial scale that is too small compared to the actual changing extent; conversely, small-scale changes could be too weak to be detected if a large-scale dataset (too coarse imagery) is adopted. The issue of the scale difference imposes a common difficulty for estimating the impact on urban greenness from human-induced factors. To adequately detect the STO points, multi-scale analysis should be applied in future study. The benefit of multi-scale mapping is that each scale is sensitive to H-CUG at a particular spatial resolution and all the STO points detected from various scales can be combined to show the overall H-CUG. However, satellite imagery with high spatial/temporal resolutions must be available for multi-scale H-CUG mapping, which is not always satisfied in satellite imagery applications [22] .
Possible Explanations for STO
Vegetation changes can be attributed to climate variations and human activities [33] . Given the two-step analytical processes involved in LSAA-TC, it is reasonable to conclude that the patterns shown in the STOs denote the impact on urban greenness mainly from human activities. In the case study, the long-term STO events, as shown in Figure 7 , illustrates the uneven mode of STO patterns in three belts (circles with the origin at the urban center). For the innermost area (within the belt located between radius 0-5 km, labeled as R 1 ), there were very limited STO points. Then the belt with further distance from the urban center (between R 1 and R 2 , or radius 5-22 km) presented much denser STO points, suggesting a higher probability of H-CUG in this region. This finding is basically consistent with other studies stating that the connecting area between urbanized and rural regions undertook the most frequent land exploitation [42, 43, 62] . The third belt, beyond the radius R 2 , was again characterized by relatively low STO points because the rural area was less affected by human activities. Variations of the long-term STO event distribution examined through three circular radii originating from the urban center. The densely populated STOs were mainly located in the belt between R1 and R2. Examples of four delineated patches having densely populated STOs are shown (labels S1, S2, and S3, which are close to water bodies/river, and S4 which is a rapid economic development area thanks to the result from special land plan policies).
The changes in water bodies and rivers due to human activities explained most STO points (see the ellipses labeled as S1, S2, and S3 in Figure 7) , while other features, including the distribution of transportation (roads and railways) and suburban centers, did not explain many changes in the urban greenness. The significant changes in urban greenness close to water bodies and rivers probably resulted from the vast construction of buildings (real estate development and storage warehouse) close to the river banks or water body borders for a better living environment. It was reported that the urban sprawl and alteration of surface land to agricultural or urban functions have brought about critical shrinkage of surface water area in the city. For example, it was found that the dominant change around the Shahu Lake, one of the principal inner lakes of the city, was lake and vegetation shrinkage [40] . In addition, inter-annual soil moisture change in areas close to water bodies was most significant in different years, which may contribute to the significant intertemporal changes in urban greenness. Transportation infrastructure was reported to have associated with the urbanization process [44, 64] ; however, the changes in urban greenness seem not to be directly related to the transportation systems. Still, though the suburban centers are important for local residents, their impact on the urban greenness seems to be not as strong as expected. There are other factors that may impose a significant impact on land use and land cover, which was reflected in the distribution of the H-CUG. One of the factors is from land use policies and urban planning, which legally define the freedom level for land use conversion and conversion directions by delimitating red and green patches (areal patches) [42] . For example, the district Dongxihu (roughly the area of the eclipse Figure 7 . Variations of the long-term STO event distribution examined through three circular radii originating from the urban center. The densely populated STOs were mainly located in the belt between R 1 and R 2 . Examples of four delineated patches having densely populated STOs are shown (labels S1, S2, and S3, which are close to water bodies/river, and S4 which is a rapid economic development area thanks to the result from special land plan policies).
The changes in water bodies and rivers due to human activities explained most STO points (see the ellipses labeled as S1, S2, and S3 in Figure 7) , while other features, including the distribution of transportation (roads and railways) and suburban centers, did not explain many changes in the urban greenness. The significant changes in urban greenness close to water bodies and rivers probably resulted from the vast construction of buildings (real estate development and storage warehouse) close to the river banks or water body borders for a better living environment. It was reported that the urban sprawl and alteration of surface land to agricultural or urban functions have brought about critical shrinkage of surface water area in the city. For example, it was found that the dominant change around the Shahu Lake, one of the principal inner lakes of the city, was lake and vegetation shrinkage [40] . In addition, inter-annual soil moisture change in areas close to water bodies was most significant in different years, which may contribute to the significant intertemporal changes in urban greenness. Transportation infrastructure was reported to have associated with the urbanization process [44, 64] ; however, the changes in urban greenness seem not to be directly related to the transportation systems. Still, though the suburban centers are important for local residents, their impact on the urban greenness seems to be not as strong as expected. There are other factors that may impose a significant impact on land use and land cover, which was reflected in the distribution of the H-CUG. One of the factors is from land use policies and urban planning, which legally define the freedom level for land use conversion and conversion directions by delimitating red and green patches (areal patches) [42] . For example, the district Dongxihu (roughly the area of the eclipse labeled S4, Figure 7 ) was designed as a key development region [62] , providing more space for free land use conversions by the local government, and therefore high STO density was observed. Furthermore, many other factors may present spatial heterogeneity in terms of the impact on H-CUG. Given more data variables related to urbanization, such as distributions of commercial centers or residential areas, the contribution from those variables may be included to explain the H-CUG patterns based on some advanced spatial models.
Uncertainties in the Model
Uncertainty is an inherent characteristic of geodata, which could be related to various aspects [65] . Certain uncertainties in the current study need to be addressed. There are several aspects that may introduce uncertainties in the modeled results for H-CUG. First, the MODIS image dataset, MODIS 13Q1, was used to extract the LSO patterns from vegetation cover. Though the image product itself has undergone a series of data preprocessing steps, including geometric and radiometric calibrations, to improve its quality, some uncertainties are possibly still introduced [66] . For example, although the maximum value composite approach (MVC) takes the maximum digital number (DN) from a set of scenes collected at different times, the ultimate result still may suffer from a quality issue. Furthermore, the MODIS imagery (MOD13Q1, including the scenes of DOY 209 and DOY 225) is also known for its coarse spatial resolution, which may present a mixed-pixel issue in the local-scale impact analysis. Thus, the extracted LSO patterns might contain a noisy result. We expect that higher quality remote sensing dataset will improve the analyzed result. In addition it is possible to apply finer scale greenness mapping in the future, as discussed previously, to minimize the impact from the mixed-pixel issue. Second, as discussed previously, the adopted spatiotemporal scales could be inconsistent with the actual detectible spatiotemporal resolutions in the urban greenness changes, which may result in H-CUG not being captured. We suggest that multiple-scale H-CUG maps be extracted and combined together if multi-scale datasets are available.
Conclusions
Our study demonstrated that the proposed LSAA-TC could be a promising tool for mapping the spatiotemporal patterns of H-CUG. Computationally, LSAA-TC is consisted in two steps and takes input of multi-temporal vegetation index products inversed from remote sensing images. The first step of LSAA-TC applies localized spatial association analysis (LSAA) to extract local spatial outliers (LSOs). In this step, LSAA performs a clustering analysis such that areas showing outlier concentrations for a target variable of interest could be outputted. The next step examines the multi-temporal LSOs under the temporal context and derives the spatiotemporal outliers (STOs) corresponding to locations experienced significant H-CUG. Urban vegetation plays a key role in urban ecosystem services. The findings of H-CUG patterns from LSAA-TC can shed some helpful insight for understanding the human-induced changes in urban vegetation and provide useful information for urban planning. Furthermore, spatiotemporal variations in H-CUG can be conveniently computed based on LSAA-TC. The case study in Wuhan metropolitan area clearly revealed such variations. For example, the most prominent H-CUG appeared in the rural-urban joint areas and along the borders of the water bodies; thus particular attention should be paid to those areas in land use planning. The work concludes that LSAA-TC is a widely applicable and easy-to-implement framework for mapping the H-CUG patterns, and it is valuable for assisting urban planning. The future study shall concentrate on validating LSAA-TC on more cities at varied development stages and investigate the scale effect on mapping H-CUG based on multi-scale datasets. 
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